Peripheral nerve regeneration is dependent on the ability of regenerating neurites to migrate through cellular debris and altered extracellular matrix at the injury site, grow along the residual distal nerve sheath conduit, and reinnervate synaptic targets. In cell culture, growth cones of regenerating axons secrete proteases, specifically plasminogen activators (PAs), which are believed to facilitate growth cone movement by digesting extracellular matrices and cell adhesions. In this study, the PA system was shown to be specifically activated in sensory neurons after sciatic nerve crush in adult mice. The number of sensory neurons expressing urokinase PA receptor (uPAR) mRNA levels increased above sham levels by 8 hr after crush, whereas the number of sensory neurons expressing uPA and tissue PA (tPA) mRNAs was significantly increased by 3 d after crush. PA mRNA levels were also increased at the crush site, with uPA mRNA elevated by 8 hr after crush and tPA and uPAR mRNA levels markedly increased by 7 d. PA-dependent enzymatic activity was significantly increased from 1 to 7 d after crush in nerves that had been crushed compared with uncrushed nerves. Immunohistochemistry showed that tPA was localized within regenerating axons of the sciatic nerve. There were no significant changes in plasminogen activator inhibitor 1 activity between crush and sham after the injury. These results clearly demonstrated that after injury the PA system was rapidly induced in sensory neurons, where it may play an important role in nerve regeneration in vivo.
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Regeneration of peripheral nerves is dependent on the ability of regenerating neurites to penetrate through structurally altered extracellular matrix (ECM), surrounding tissue, and infiltrating cells at the injury site to reach their synaptic targets. These conditions seem to impede axonal growth and migration of growth cones. Thus, it appears advantageous for regenerating neurites to use proteases, such as the plasminogen activators (PAs) , that are capable of degrading ECM and dissolving adhesive contacts to promote growth cone migration and axonal outgrowth. The PAs, tissue PA (tPA) and urokinase PA (uPA), convert the inactive plasminogen to its active serine protease plasmin. Plasmin has broad activity and digests most ECM proteins as well as some cell surface molecules, such as neural cell adhesion molecule (NCAM) (Endo et al., 1998) , and activates other proteases, including matrix metalloproteases (Keski-Oja et al., 1992; Murphy and Doherty, 1992) .
The plasminogen activators are secreted proteases that bind cell surfaces to localize proteolytic activity to cell-cell and cellsubstratum sites (Vassalli et al., 1985; Ichinose et al., 1986; Knudsen et al., 1986; Plow et al., 1986; Pollanen et al., 1988; Verrall and Seeds, 1988, 1989; Pittman et al., 1989) . uPA binds to a well characterized receptor (uPAR) on cell surfaces (Estreicher et al., 1989) , and this binding enhances uPA activity (Vassalli et al., 1985) .
Nerve regeneration is analogous to development in that a recapitulation of axonal outgrowth occurs. Proteins required during axonal development, including GAP-43, tubulin, and actin, are known to be reexpressed or upregulated by peripheral neurons during regeneration (Hoffman and Cleveland, 1988; Meiri et al., 1988; Moskowitz and Oblinger, 1995; Lund and McQuarrie, 1996) . Furthermore, PA mRNAs and PA activity are increased in developing embryonic dorsal root ganglia (DRG) and ventral motor neurons of the spinal cord during the period of active axonal growth to their peripheral targets (Sumi et al., 1992; Seeds et al., 1996) . The neuronal expression of PA system mRNA is downregulated after axonal contact with synaptic targets. Therefore, it is conceivable that the plasminogen activator system is reactivated in response to nerve injury to facilitate axonal growth. In fact, studies have shown the involvement of PA-dependent activity at the growth cones of regenerating mammalian sensory neurons in culture (Krystosek and Seeds, 1984) . These sensory neurons secrete both tPA and uPA and cleave underlying fibronectin while extending their axons (McGuire and Seeds, 1990) . The cleaving activity is sensitive to uPA inhibitors (McGuire and Seeds, 1990) and an antibody to uPA (N. W. Seeds, unpublished observations). Pittman (1985) showed that regenerating sympathetic and sensory neurons in culture secrete a uPAlike plasminogen activator and a Ca 2ϩ -dependent matrix metalloprotease. An in vivo study has shown increased uPA-dependent activity in the facial nucleus after transection of the rat facial nerve (Nakajima et al., 1996) . Cells from dissociated 2 d postnatal murine DRGs in culture show a 75-to 165-fold increase in tPA, uPA, and uPAR mRNA while regenerating their axons. These mRNA increases are coincident with the period of maximal axonal outgrowth .
Although most studies have demonstrated the involvement of PA proteolytic activity in regenerating sensory neurons in vitro, there has not been an extensive analysis of the PA system in peripheral neurons during in vivo regenerative events. Therefore, the primary aim of this study was to determine whether an induction of the PA system occurs in sensory neurons in vivo after sciatic nerve crush and during subsequent regeneration.
A brief preliminary report of some of these findings has appeared previously (Siconolfi and Seeds, 1997) .
MATERIALS AND METHODS
Surger y and perf usion. Adult C57BL6 mice and C57BL6/129 outbred hybrid mice (backcrossed every 10 generations) were anesthetized with a mixture of 160 mg / kg ketamine and 12 mg / kg xylazine or pentobarbital (50 mg / kg) injected intraperitoneally. The area above the left lower thigh was shaved and sterilized with Betadine and 70% EtOH. A 1 cm incision was made in the shaved area over the gluteus maximus muscle and the biceps femoris muscle. The muscles were teased apart with scissor tips, and the sciatic nerve was exposed. For crush injury, the nerve was placed in a 1-mm-wide needle holder and crushed for 20 sec (Glazner et al., 1993 (Glazner et al., , 1994 Navarro et al., 1994) . The holder was rotated 90°, and the crush was repeated at the same site. The crush site was marked by placing a 7-0 suture in the epineurium immediately proximal to the crush site. The nerve was replaced under the muscle, and the incision was sutured. The injury site for each animal was kept constant at 45 mm from the tip of the third digit by overlying a measured thread along the projection of the sciatic nerve. Completeness of the crush was established by examining for the loss of sensory and motor f unction in the hindlimb of the operated mice. Pinching the hindlimb digits and footpad without eliciting a foot withdrawal and vocalization was noted as loss of sensory and motor f unction (Devor and Govrin-Lippmann, 1979; Navarro et al., 1994; Verdú and Navarro, 1997) . The absence of the toe spreading reflex and lateral leg extension when the mouse was gently lifted by the tail (Gutmann et al., 1942; Azzouz et al., 1996) and total lack of hindlimb movement while ambulating also indicated loss of sensory and motor f unction. Disruption of axonal integrity after crush was also confirmed by immunostaining sciatic nerve tissue sections taken proximal and distal to the crush site, with mouse anti-neurofilament (N FP) antibody. A reduction of N FP reactivity of distal sections indicated loss of axonal integrity (see Immunofluorescence and confocal microscopy). In sham controls, the sciatic nerve of the right hindlimb was exposed, but no crush was made.
For in situ hybridization experiments, mice were killed at several time points after crush surgery (0.2 h, 3 hr, 8 hr, 1 d, 3 d, 7 d, and 14 d; n Ն 3 for each time point) with an overdose of pentobarbital (130 mg / kg, i.p.). Immediately after respiratory arrest, the mouse's thoracic cavity was opened, and the body tissues were fixed by cardiovascular perf usion with 4% paraformaldehyde buffered by 2 ml of 20% heparin /80% sodium nitrate pumped through a needle inserted into the left ventricle of the heart. Fixation was completed when the internal organs and extremities were bleached, and the animal became rigid. Immediately after fixation, the intact left and right sciatic nerves were removed from 0.5 cm distal to the injury site, up to and including DRG L4 -6. The tissue was immediately frozen in isopentane (Ϫ30°C). All surgical protocols were Institutional Animal C are and Use Committee approved.
T issue sectioning. Frozen tissue was embedded in O.C.T. compound (Miles Inc., Elkhart, I N). The crushed nerve and its uncrushed counterpart were mounted and cryostat sectioned together. The 16 m sections were picked up on 3-amino-propyltriethoxysilane-coated RNase-free glass slides.
Plasmids and probes. Plasmid pGuPA is the pGEM-11Z f(ϩ) vector (Promega, Madison, W I) containing a PstI/SmaI fragment of the mouse uPA cDNA (gift from Dr. J. Degen, Children's Hospital Research Foundation, C incinnati, OH). The insert contains 400 bp of the noncoding 3Ј uPA mRNA sequence (nucleotides 1638 -2039). Plasmid p50A /1 (gift from Dr. K . Dano, Rigshospitalet, Copenhagen, Denmark) is the pBluescript K S (ϩ) vector (Stratagene C loning Systems, La Jolla, CA) containing a 5Ј XhoI fragment of mouse uPAR cDNA (nucleotides 1-366).
Plasmid pGtPA (Friedman and Seeds, 1995) contains a 515 bp EcoRI / PstI fragment of mouse tPA (nucleotides 805-1319) in the pGEM-3Z vector (Promega).
After purification and linearization of the plasmid DNA templates, sense and antisense 35 S-UTP riboprobes were synthesized using rN TPs and the appropriate RNA polymerase, SP6, T7, or T3 (Promega) at 37°C . The products were purified on spin columns (Boehringer Mannheim, Indianapolis, I N), electrophoresed in a 50% urea-5% polyacrylamide gel, and exposed to X-OM AT film to verif y size and integrity.
In situ hybridization. In situ hybridization was performed using the procedure of Simmons et al. (1989) as described previously by Friedman and Seeds (1995) . Sections were fixed in freshly prepared 4% paraformaldehyde for 10 min, washed 3 times in 1ϫ PBS, rinsed in 0.1 M triethanolamine, and acetylated in acetic anhydride. After dehydration in a series of EtOH washes, slides were hybridized with a tPA, uPA, or uPAR 35 S-cRNA riboprobe at a concentration of 5 ϫ 10 Ϫ 6 cpm /ml for 15 hr at 60°C. After hybridization, the slides were washed in a series of 4ϫ SSC washes, followed by a series of SSC washes containing dithiothreitol, with the final wash in 0.1ϫ SSC for 30 min at 65°C. The slides were dehydrated in EtOH, coated with Kodak liquid emulsion N TB-2 (Rochester, N Y) and stored in a dark box at 4°C for 3-4 weeks. As negative controls, 35 S-labeled sense probes were used, and showed only background levels. In situ hybridization of DRG neurons was analyzed using N IH Image software to obtain cell and grain count densities. A tPA, uPA, or uPAR mRNA-labeled cell was defined as a cell displaying a grain density 2ϫ the background level. C ells were counted within 0.02 mm 2 unit areas, and results are reported as number of labeled cells per unit area. In addition, the total number of cells was counted in each 0.02 mm 2 unit area to determine the percentage of labeled cells per unit area. Neurons were distinguished by their pale nuclei, in contrast to the chromatin-dense Schwann and glial cells in these Giemsa-stained in situ hybridized sections. This distinction was confirmed by anti-NCAM versus anti-S-100 and anti-GFAP immunoreactivity in some sections.
Zymography. Gel zymography was adapted from the procedure described by Heussen and Dowdle (1980) . Ten percent polyacrylamide-SDS gels were copolymerized with casein (1 mg /ml; Sigma, St. L ouis, MO) and plasminogen (2.5 U/ml; Chromogenix AB, Molndal, Sweden). Control gels were prepared similarly but without added plasminogen. Mice were killed by C O 2 narcosis at 0.2 h, 3 hr, 8 hr, 1 d, 3 d, and 7 d (n Ն 3 for each time point) after crush surgery. One centimeter of sciatic nerve including the crush site and the comparable site of its contralateral uncrushed counterpart were removed and immediately homogenized in 10 mM Tris-C l, pH 6.8. Tissue was normalized for protein concentration using the L owry method (L owry et al., 1951) . Serial concentrations of homogenate and known amounts of tPA (Genentech, San Francisco, CA) were loaded onto the gels and electrophoresed. After electrophoresis, the SDS was extracted from the gel using 2.5% Triton X-100, and the gel was incubated for 16 hr in 0.1 M Tris, pH 8.1, at 37°C, followed by staining with 0.125% Coomassie blue in 50% MeOH /10% acetic acid. Destaining with the same solvent revealed transparent zones of lysis against the dark protein background at M r 65 and 43 kDa corresponding to tPA and uPA, respectively. The uPA band was blocked by 1 mM amiloride, an inhibitor of uPA activity that was added to the 0.1 M Tris buffer during the incubation at 37°C. The proteolyzed bands were quantified using a Molecular Dynamics Computing Densitometer (Sunny vale, CA), in which 0.8 I U recombinant tPA standard equaled 3000 densitometric units.
Reverse z ymography. The procedure for reverse zymography was adapted from the protocol described by Pittman and Patterson (1987) . Nerve tissue was removed and electrophoresed as described for zymography; however, known amounts of the PA inhibitor-1 (PAI-1) (American Diagnostica, Greenwich, C T), were electrophoresed on the same gel as the homogenates. SDS was extracted after electrophoresis with 2.5% Triton X-100 for 30 min. The gels were incubated in 20 mM Tris, pH 8.1, containing 2 I U/ml human uPA (American Diagnostica) for 2 hr at room temperature, followed by two rinses in dH 2 0, and then incubated for 18 hr at 37°C in 10 mM Tris, pH 8.1. E xposure of the gels to uPA caused the conversion of plasminogen in the gel to plasmin, which in turn degraded the casein. Inhibition of the uPA blocked the conversion of plasminogen to plasmin, as visualized by dark bands on a transparent gel after staining with 0.125% Coomassie blue in 50% MeOH /10% acetic acid and destaining with the same solvent. Bands were quantified using a Molecular Dynamics Computing Densitometer, in which 0.3 I U recombinant PAI-1 standard equaled 20 densitometric units.
Immunofluorescence and confocal microscopy. Sciatic nerves were removed from mice as described in the perf usion method. The nerve was sectioned transversely in 10 m cryostat sections. The sections were rinsed with PBS, treated with blocking solution (4% goat serum ϩ 0.3% Triton X-100 in PBS) for 1 hr at room temperature, then reacted with a 1:100 dilution of a polyclonal rabbit anti-mouse tPA antibody (Verrall, 1989 ) and a 1:50 dilution of a mouse monoclonal anti-N FP (recognizing the 68 and 200 kDa forms) antibody (Zymed, San Francisco, CA) at 4°C for 24 hr. After they were rinsed several times with PBS, the sections were incubated for 1 hr at room temperature with a solution of goat anti-rabbit IgG Alexa Fluor 568 (1:200; Molecular Probes, Eugene, OR) and donkey anti-mouse FI TC (1:200; Jackson ImmunoResearch, West Grove, PA), then coverslipped with Vectashield (Vector Laboratories, Burlingame, CA). The images were viewed with a Nikon Eclipse PC M2000 confocal microscope using a 60ϫ objective, and images were collected with Simple PCI digital program after balancing red /green laser intensity.
Other sciatic nerve transections were immunostained with rat antineutrophil (1:25; Biosource International, C amarillo, CA), mouse anti-M AC -1 (1:25; hybridoma M1/70 American T ype Tissue Collection, Rockville, MD), mouse anti-N FP, or rabbit anti-mouse tPA. The same staining procedure was followed using goat anti-rat FI TC (1:50; TAGO, Inc., Burlingame, CA), donkey anti-mouse FI TC (1:200; Jackson ImmunoResearch), and goat anti-rabbit IgG Alexa Fluor 568, respectively, as secondary antibodies. The sections were visualized using a Z eiss fluorescence microscope or Nikon confocal microscope. The tissue stained with anti-N FP was taken from the areas immediately proximal and distal to the crush site and analyzed to verif y the completeness of crush injury.
Dorsal root ganglia were also tPA immunostained. After perf usion, DRGs L4 -6 were removed from mice, post-fixed for 30 min in paraformaldehyde, and embedded in O.C.T. compound. Sensory ganglia from crushed nerve and their uncrushed counterparts were cryostat sectioned at 12 m intervals and mounted on the same slides. Sections were stained as described for tPA antibody staining for sciatic nerve sections and viewed with a Z eiss fluorescence microscope.
RESULTS

Crush surgery verification
On injury to peripheral nerve, the neuronal cell bodies contributing to the damaged nerve respond to the insult in various ways. One of the most noted changes is a decrease in the production and anterograde transportation of NFP (Greenberg and Lasek, 1988; Oblinger and Lasek, 1988) . Consequently, axonal continuity and transport are disrupted by the crush, and the portion distal to the lesion is no longer supplied with NFP. To verify that our crush surgery caused a complete discontinuity in the axons of the sciatic nerve, sections of the nerve from crush and sham-operated animals were immunostained using a mouse monoclonal antibody against NFP (Fig. 1) . Sections distal (Fig. 1 B) to the crush site displayed no NFP reactivity at 3 d after crush surgery compared with sections of the companion sham sciatic nerve (Fig. 1 A) , thus confirming that the crush was complete.
Sensory neuron expression of PA system mRNAs
Our previous study showed that there was a significant increase in tPA, uPA, and uPAR mRNA in dissociated 2 d postnatal DRG sensory neurons during the regeneration of their axons in culture. This increase coincided with the period of maximal axonal elongation, which suggested that PAs were involved in the process of regeneration. To determine whether similar increases are seen in vivo during peripheral nerve regeneration, in situ hybridization using 35 S-cRNA probes for mRNAs of the PA system was applied to L4 -6 DRGs and sciatic nerve tissue sections from adult mice after nerve crush. Results were quantified by determining the number and percentage of labeled cells within a unit area (see Materials and Methods). The previous study , analyzing PA mRNA in cultured mammalian sensory neurons, showed tPA mRNA primarily in small sensory neurons and uPA mRNA restricted mainly to large sensory neurons. To determine whether an analogous condition existed in vivo, labeled cells were analyzed within two populations of DRG neurons: small (8 -20 m diameter) and large (Ն 21 m diameter) cells. Glial cells were defined as small dark-stained cells with an elongated nucleus and were eliminated from the counting on the basis of these criteria. Statistical analysis compared ganglia from crushed nerve with sham using a paired t test with n Ն 3.
Unoperated control ganglia display few labeled cells. Of the small neuronal cells in unoperated ganglia, ϳ4 -5% are labeled with tPA, uPA, or uPAR mRNAs (Table 1) . Similarly, ϳ10 -17% of large neuronal cells in unoperated ganglia are labeled with tPA, uPA, or uPAR mRNAs. A significant upregulation in uPAR mRNA was first detected in crushed (Fig. 2 A, B) but not sham (Fig. 2C ) sensory ganglia 8 hr after injury. Figure 2 , A and B, clearly show the increase in uPAR mRNA in sensory ganglia of crushed sciatic nerve. A strong signal was evident in both large and small sensory ganglia neurons (Fig. 2 A, arrows, B ) compared with the companion sham ganglia (Fig. 2C) . Quantification of the increases in uPAR mRNA-labeled cells in small and large sensory neurons (Table 1) of the DRG showed a 2.0-fold increase above sham for small neurons and a 2.5-fold increase above sham for large neurons. uPA and tPA mRNA expression was also apparent in both large and small sensory neurons (Fig. 2 D 
, E,G,H, arrows).
Although the number of uPA and tPA mRNA-labeled cells was elevated in sensory ganglia of crushed nerve as early as 8 hr after injury (Fig. 2 D, E,G,H ) , the labeled cell numbers were not significantly different from sham animals ( Fig. 2 F, I , Table 1 ). One day after crush, the numbers of uPAR mRNA-labeled cells in the DRG were still significantly elevated above sham levels for both small and large cells (data not shown). The first significant increase in the number of uPA and tPA mRNA-labeled cells in both cell populations of the crushed DRG compared with sham DRG was seen at day 3 (Table 1 ). The increase in tPA mRNA-labeled cells in crushed DRG was 2.4-fold greater than sham for small neurons and 2.0-fold greater than sham for large neurons. Ganglia of crushed nerves showed an increase in uPA mRNA-labeled cells over sham by 1.6-fold for small neurons and 1.8-fold for large neurons. The numbers of cells expressing uPAR mRNA also remained elevated in each cell population: 1.8-fold above sham in small neurons and 2.0-fold above sham in large neurons (Table 1) . The numbers of tPA, uPA, and uPAR mRNA-labeled cells were continually higher than sham through 7 d after sciatic nerve crush (Table 1) , with the most dramatic differences in labeled cell numbers and percentage of labeled cells seen at 7 d. At day 7, the number of cells expressing tPA mRNA in small sensory neurons of the crush ganglia was 2.2-fold higher than sham, and in the large sensory neurons the numbers were increased up to 2.8-fold above sham. uPA mRNA-labeled cells in small sensory neurons of crushed ganglia were increased 2.2-fold above sham, and in large sensory neurons, they were 3.2-fold above sham. The number of uPAR mRNA-labeled cells in small sensory neurons was 2.5-fold higher in crush compared with sham ganglia and 3.3-fold higher than sham in large sensory neurons of crushed ganglia. The percentage of neurons expressing PA mRNA also increased dramatically by 7 d. Twenty-eight percent of small neurons expressed tPA mRNA, 31% expressed uPA mRNA, and 40% expressed uPAR mRNA compared with 13.1, 14, and 16%, respectively, in sham ganglia. In large sensory neurons, 66% were tPA labeled, 78% were uPA labeled, and 88% were uPAR labeled compared with 24, 24, and 27%, respectively, in sham ganglia. The number of labeled cells for all mRNAs returned toward control levels by 14 d after crush.
Sensory ganglia from unoperated animals was also analyzed for PA mRNA expression and compared with sham ganglia (Table 1) . The number of labeled cells in sham often exceeded that seen in ganglia from unoperated animals; this was probably indicative of the injured sensory nerve endings in the surrounding skin and muscle resulting from the sham surgery.
PA system mRNA expression and PA activity at the crush site PA mRNA signal was also detected at the crush site (Fig. 3) . At 8 hr, only uPA mRNA was found localized at the crush site (Fig.  3A) . The in situ uPA mRNA appeared somewhat diffuse at the crush site, but there are several areas of concentrated signal associated with small cells (Fig. 3A, arrows) . Sham nerves (Fig.  3 B, D,F ) displayed very little PA mRNA at 8 hr. Immunostaining with anti-neutrophil and anti-MAC-1 antibodies (Fig. 4, A and B,  respectively) showed reactive cells at the crush site as early as 1 d after nerve crush. There was an increase of the inflammatory cells after crush and sham surgery (data not shown), but the infiltration was more enhanced after nerve crush. Neutrophils were present at the crush site as shown (Fig. 4 A) by bright staining of individual cells. Macrophages also appear at the crush site, and smaller areas of staining in Figure 4 B revealed macrophage processes within the tissue.
tPA and uPAR mRNA signals at the crush site were not observed until 7 d after injury (Fig. 5, B and C, respectively) . Sham nerves at 7 d (data not shown) were similar to that shown at 8 hr. By 14 d after crush, there was a noticeable increase in tPA mRNA distal to the crush site compared with the area proximal to the crush site (Fig. 6) . The tPA signal proximal (Fig. 6 A, p, B, prox) to the crush was similar to background levels, whereas the distal (Fig. 6 A, d , B, dis) segment showed a large increase in grain density. This signal probably reflected an upregulation of tPA mRNA in proliferating and migrating Schwann cells, identified by their small size and elongated shape, along the regenerating nerve. tPA signal in the sham counterpart nerve was similar in intensity to the signal seen in the proximal portion of the crushed nerve.
To determine whether PA mRNA levels were accompanied by an increase in PA activity, zymography was used to assess PAdependent activity around the crush site at several time points after crush injury (Fig. 7) . Only very low levels of uPA and tPA activity could be detected in unoperated controls. By 3 hr after crush, uPA activity was increased significantly above sham levels as shown by t test analysis ( p ϭ 0.02). Crush-induced uPA activity was again elevated to levels that were significantly above sham by 1 d after injury ( p ϭ 0.012). The increase in uPA activity was maintained for up to 7 d after crush (3 d, p ϭ 0.008; 7 d, p ϭ 0.05). tPA-dependent activity at the crush site exceeded sham levels by 1 d after crush and remained upregulated for up to 7 d (1 d, p ϭ 0.034; 3 d, p ϭ 0.006; 7 d p ϭ 0.004).
tPA protein expression in DRG and axons of crushed sciatic nerve
The elevated PA mRNA and activity at the crush site within 24 hr after crush may reflect upregulation by infiltrating cells such as neutrophils and macrophages (Fig. 4) . However, the PAdependent activity at later times (3 d, 7 d) may be derived from sensory neurons responding to the crush injury. After damage to the nerve, the DRG cell bodies increased production of the PA proteins, as suggested by the in situ hybridization data, and transported the proteases to the regenerating growth cones near the crush site. Figure 8 shows crushed (Fig. 8 A) and sham (Fig.  8 B) sensory ganglia 3 d after surgery stained with anti-mouse tPA antibody. There was a noticeable difference in intensity of tPA reactivity between crush and sham ganglia. Crush sensory ganglia displayed an increased reactivity, within the sensory neuron cell bodies (arrow) and among supportive cells (i.e., glia and fibroblasts), or associated with matrix surrounding the neurons (arrowheads). The tPA immunoreactivity within the surrounding areas of the sensory neuron cell bodies may also reflect tPA protein secretion from the neurons. Within the neurons of the crushed sensory ganglia, tPA immunoreactivity was seen as distinct points, suggesting a vesicular packaging of the protein (Lochner et al., 1998) . Sham ganglia displayed less tPA immunoreactivity, and most of the protein appeared to be localized with the supportive cells of the sensory ganglia (Fig. 8 B) . Unfortunately, a suitable uPA antibody is not available, and thus localization of uPA protein could not be determined.
To determine whether the sciatic nerve axons were actively transporting tPA protein in response to crush injury, cross sections of sciatic nerve were immunostained with both tPA and NFP antibodies. Confocal microscopy of cross sections 50 -150 m proximal to the crush site revealed strong reactivities for tPA (red) and NFP ( green) at both 3 and 7 d after crush (Fig. 9) . Closer analysis showed that at 3 d, tPA colocalized (Fig. 9A,  yellow) with NFP within myelinated axons and was expressed to a lesser extent in the supportive cells (i.e., Schwann cells and fibroblasts). Sham nerve showed little or no colocalization of signals, with some tPA reactivity merely in areas surrounding myelinated axons (Fig. 9B ). An enlarged view of crushed sciatic nerve at day 3 (Fig. 9G) clearly showed tPA protein within the axons of the regenerating nerve. At day 7 (Fig. 9H ) , several axons displayed a punctate pattern of tPA staining within axons of regenerating sciatic nerve, suggesting vesicular packaging of the protein (Lochner et al., 1998) . At day 7, tPA was also seen in regenerating axons ϳ125 m distal to the crush site (Fig. 10 A) showing that the protein was axonally transported after crush injury into regenerating axons. Sham nerve at day 7 showed very little reactivity above background levels (Fig. 10 B) . Thus, tPA protein was upregulated and specifically localized within axons of the regenerating sciatic nerve.
PA inhibitor activity at the crush site
Because inhibitors are an integral part of controlling proteolytic activity and are linked to changes in levels of protease, PA inhibitor activity was assessed after nerve crush by reverse zymography. PAI-1 is a known physiological inhibitor for both tPA and uPA and regulates PA proteolytic activity (Hekman and Loskutoff, 1988) . It is expressed by various cell types including endothelial cells, neutrophils, macrophages, and platelets, and is present in plasma and bound to the extracellular matrix (Erickson et al., 1985; Podor and Loskutoff, 1992; Loskutoff et al., 1994; Haj et al., 1995) . Thus, induction of PAI-1 activity might also occur after nerve injury, concurrent with the increases seen in PA activity. PAI-1 activity was identified on reverse zymography gels based on its molecular weight (43 kDa) and compared with known amounts of a PAI-1 standard. Some higher molecular weight PAI-1 evident on the gels appeared to be complexed with tPA in tissue removed from the crush site (data not shown). This activity was not quantifiable because bound inhibitor might have decreased activity because of its conformational state. Unbound PAI-1 was also present at the crush site and its activity could be quantified. Desitometric analysis of the free PAI-1 (43 kDa) activity levels showed an increase above sham levels by 1 d after crush, which then declined by 7 d. However, these values were not . PA-dependent activity in crush and control (sham ϩ unoperated) sciatic nerve. tPA (white bars) and uPA ( gray bars) activities were assayed by gel zymography at each of the time points. Lytic zones on zymographs were analyzed and quantified by densitometric scanning using known amounts of recombinant tPA standard (0.8 IU rtPA ϭ 3000 densitometric volumes). Values are expressed as the volume of lysis (mean Ϯ SEM; n Ն 3). Crush (bars with diagonal lines) activity for each PA was compared with sham activity (at each time point) by t test analysis. uPA (bars with triangle lines) activity is elevated above sham at 3 hr, again at 1 d, and up to 7 d. tPA activity increases above sham by 1 d and continues through 7 d. *p Յ 0.05. statistically different compared with sham and unoperated controls (t test where n ϭ 3 and p Ն 0.05 at all time points) (Fig. 11) . Hence, PAI-1 did not appear to be intimately associated with PA-dependent activity after nerve injury, at least not within the first 7 d.
DISCUSSION
These results showed clearly that induction of the PA system occurred after peripheral nerve injury. An upregulation of tPA, uPA, and uPAR mRNA occurred in sensory neurons after peripheral nerve injury and remained increased during the early stages of nerve regeneration. Coincident with the increases in mRNA levels was an induction of PA-dependent proteolytic activity at the site of injury and an upregulation of tPA protein inside axons of the regenerating sciatic nerve.
Using in situ hybridization, we demonstrated that tPA, uPA, and uPAR mRNAs were induced in neurons of the sensory ganglia after nerve crush, similar to results obtained with in vitro regeneration . Although these in situ hybridization results cannot be compared directly with the quantitative PCR used in our previous study, the intense grain density of uPAR mRNA, which labels 40% of the small neurons and up to 88% of the large neurons, suggests that they may not be much different. Upregulation of uPAR mRNA was evident within large and small sensory neurons and preceded upregulation of uPA and tPA mRNAs (Fig. 2, Table 1 ). The production of the receptor before its ligand might allow localization of uPAR to specific sites so that uPA can be directed immediately to these points once it is expressed. An early induction of uPAR might also be useful for paracrine interactions with uPA-expressing cells at the injury site. This type of mechanism has been detailed in several invasive tumor cells in which uPAR expressed by the tumor cells binds uPA produced by fibroblast-like stromal cells, thus enhancing ECM degradation and the invasiveness of these tumor cells (Ossowski et al., 1991; Pyke et al., 1991) . Additionally, uPAR may also be important for cell signaling. Binding of uPA or the amino-terminal fragment (nonproteolytic domain) of uPA to uPAR on monocytes and fibroblasts has a mitogenic and a chemotaxic effect, both of which involve intracellular events (Besser et al., 1996) . Therefore, in our studies the uPAR may not only localize proteolytic activity to specific cell surface sites but might also be involved in conveying signals necessary for regeneration. Furthermore, uPAR has also been shown to interact with ␤ 1 and ␤ 2 integrins and thereby alter integrin function by suppressing integrin-dependent adhesion (Wei et al., 1996) . The combination of destabilizing adhesion and localizing uPA-dependent proteolytic activity to cell surface contacts might serve to promote axonal growth cone migration after nerve injury.
The number of uPA and tPA mRNA-labeled cells was elevated in both small and large neurons of the DRG concurrent with a time when newly formed growth cones on regenerating axons are most likely to be traversing the injury site (Hall, 1989; Siconolfi and Seeds, 2001 ). Presumably, proteolytic activity was required to digest cell-matrix and cell-cell contacts present at the injury site and along the basal lamina encountered by the growth cones. uPA and tPA would sustain the movement of growth cones by converting plasminogen to plasmin, thereby amplifying proteolytic activity toward a broad range of substrates, including laminin, fibronectin, and adhesion molecules (i.e., NCAM), as well as activation of matrix metalloproteases (Zuo et al., 1998) . Although in vitro regeneration studies showed tPA expressed primarily in small sensory neurons and uPA in large sensory neurons , this phenomenon was not as readily apparent in vivo. In the in vivo condition, it might be advantageous for the regenerating axons of each cell population to use more than one proteolytic device to enhance cleavage and degradation of several types of substrates that are present, such as ECM, adhesion molecules, and injury debris.
In addition to the increase in PA mRNA in the DRGs, there was also an increase of PA mRNA and PA-dependent activity at the crush site. The increase of PA-dependent activity and PA mRNA at the crush site within 1 d of crush could be attributed to reactive and infiltrating neutrophils, macrophages, fibroblasts, and Schwann cells into the area of injury. All of these cell types express components of the PA system (Eaton et al., 1984; Heiple and Ossowski, 1986; Wilson and Francis, 1987; Grau and Moroz, 1989; Varani et al., 1992; Kung and Lau, 1993; Schafer et al., 1994; Rao et al., 1995; Kindzelskii et al., 1996; Shetty et al., 1996; Xiao et al., 1998) . Additionally, we demonstrated with immunostaining that macrophages and neutrophils were present at the crush site within 1 d after crush injury (Fig. 4) . Macrophages have been shown to infiltrate the injury site within 4 hr after rat sciatic Figure 8 . tPA protein expression is upregulated in sensory ganglia neurons of crushed sciatic nerve. Sections of DRG from crush and sham nerve were stained with tPA antibody 3 d after sciatic nerve crush. A, tPA protein is upregulated in response to nerve crush in sensory ganglia. tPA immunoreactivity is localized within sensory neurons (arrow) of crushed sciatic nerve and is clearly associated with matrix or supportive cells (i.e., glia and fibroblasts) of the sensory neurons (arrowheads). B, DRG of sham operated sciatic nerve shows considerably less tPA immunoreactivity. The tPA appears to be mostly localized to areas between sensory neurons presumably associated with supportive cells.
nerve transection, and numbers remain elevated for up to 21 d (Avellino et al., 1995) . These cells can polarize uPA to the leading edge of cell surfaces to facilitate ECM degradation during migration (Estreicher et al., 1990) . In addition, activated neutrophils can translocate uPA stored in granules to the plasma membrane surface (Heiple and Ossowski, 1986) . Fibroblasts secrete uPA and are released into the injury site because of a breakdown in the blood-nerve barrier that occurs with injury (Oaklander et al., 1987) . Furthermore, Schwann cells express tPA (Kalderon, 1984; Krystosek and Seeds, 1984; Clark et al., 1991) . After nerve injury, Schwann cells proliferate, migrate, and align along newly regenerating nerves (Son and Thompson, 1995; Torigoe et al., 1996) . Thus, it is probable that induction of tPA mRNA occurred in these reactive Schwann cells during regeneration of the sciatic nerve (Fig. 6) . Similarly, Smirnova et al. (1996) showed an increase in tPA activity in distal nerve segments after crush that they attributed to Schwann cells.
The PA-dependent activity that was increased above sham by days 3 and 7 after crush likely reflected increases in PA protein expression by the sensory neurons of the regenerating sciatic nerve. DRG sensory neurons contributing to the crushed sciatic nerve displayed more intense tPA immunoreactivity after staining with anti-tPA antibody compared with sham DRG sensory neurons (Fig. 8) . Confocal microscopy data provides additional support that an important contributor of PA-dependent activity at the crush site was derived from the neurons within the damaged nerve. Double-label immunostaining with tPA and NFP antibodies distinctly demonstrated tPA localized within NFPimmunoreactive axons of the regenerating sciatic nerve at a time concurrent with the upregulation of tPA mRNA (Fig. 9) . The staining pattern at day 7 showed areas of punctate reactivity indicative of vesicular packaging. This was in agreement with Lochner et al. (1998) who showed, using a green fluorescent protein-tPA, that vesicular packaged tPA was transported within axons of differentiated PC12 cells and was found at the growth cones. Furthermore, induced tPA protein is shown here in the more distal regions of the regenerating axon (Fig. 10) , where it is poised to facilitate axonal regrowth. Unfortunately, because a suitable antibody for mouse uPA does not currently exist, axonal localization of this protease could not be determined. Proteolytic activity can also promote regeneration by activation of growth factors. Both uPA and tPA have been shown to cleave and thereby activate the plasminogen-related growth factor, prohepatocyte growth factor/scatter factor (HGF/SF). HGF/SF is a significant growth-promoting and survival factor for sensory and motor neurons (Yamamoto et al., 1997; Maina et al., 1998; Yang et al., 1998) . HGF has been shown to promote sympathetic neuron axonal growth and increase the forward rate of sympathetic neurite outgrowth in culture. In addition, neutralization of endogenous HGF by anti-HGF antibody abolished these effects (Yang et al., 1998) . In other studies, HGF increased survival time and enhanced neurite outgrowth from nerve growth factor (NGF)-dependent murine DRG neurons grown in dissociated culture (S. Pu and N. Seeds, in preparation). These studies unequivocally implicated HGF as a growth-promoting factor for specific neurons and thus might be an important downstream target of the PA system after nerve injury.
Serpins play an important role in regulating protease activity. After injury, the protease-inhibitor balance can be modified. Protease inhibitor mRNA and inhibitor secretion have been shown to be induced after nerve injury. In vitro studies showed that TGF␤ causes Schwann cells to increase PAI-1 activity after peripheral nerve injury (Rogister et al., 1993) . Recently, Takahashi et al. (2000) showed that differentiated PC12 cells increased PAI-1 mRNA levels in response to NGF. This finding was interesting because NGF synthesis increases dramatically in nonneuronal cells after peripheral nerve injury (Raivich and Kreutzberg, 1993) . Protease nexin-1 (PN-1), a thrombin and uPA inhibitor, showed a sevenfold induction in its mRNA in whole preparations of rat sciatic nerve 6 d after nerve crush. Additionally, PN-1 activity distal to the crush site was maximally induced 7 d after crush (Meier et al., 1989) . This same phenomenon was Figure 10 . At day 7 tPA protein is also seen in regenerating axons distal to the crush site. Cross sections of sciatic nerve 125 m distal to the crush site were immunostained with rabbit anti-mouse tPA. A, tPA protein distal to the crush site appears to be localized within axons of the regenerating sciatic nerve surrounded by dark areas of packed myelin. B, Sham nerve shows minimal reactivity. Scale bar, 6 m. Figure 11 . PAI-1 inhibitor activity after crush of the sciatic nerve. PAI-1 activity was assayed by reverse zymography at each time point after crush. Areas of inhibition on gels were analyzed and quantified by densitometric scanning using known amounts of recombinant PAI-1 standard (0.3 IU ϭ 20 densitometric volumes). Values are expressed as the volume of inhibition (mean Ϯ SEM; n ϭ 3). Crush activity (black bars) was compared with control (sham ϩ unoperated) ( gray bars) activity at each time point by paired t test analysis. PAI-1 activity in crushed nerve does not differ significantly from control nerve for up to 7 d. also observed in mouse sciatic nerve (Smirnova et al., 1996) . In the present study, we analyzed PAI-1, the major physiological inhibitor of tPA and uPA. PAI-1 activity was not significantly altered after nerve crush (Fig. 11) . This finding supported the hypothesis that PAs are upregulated in response to nerve injury and the PA-dependent enzymatic activity observed was not merely a disinhibition of local proteases. Because we assayed PAI-1 activity only up to 7 d after crush, increases in inhibitor activity may occur at later times (i.e., beyond 7 d), thus allowing for an early time window of proteolytic activity without inhibitory interference. Also, PN-1 may play a role and thus needs to be investigated further in this model.
In conclusion, this study demonstrated PA system activation coincident with the process of nerve regeneration in the periphery. We have established that the PA system was activated in response to peripheral nerve injury, and in our companion paper (Siconolfi and Seeds, 2001) , we show that PAs facilitate a timely recovery of peripheral nerve function. These findings gain importance because elucidation of the mechanisms that facilitate peripheral nerve outgrowth and regeneration may contribute significantly to stimulating regeneration in the CNS.
